Fast pyrolysis oils are one source of renewable liquid fuels, which could be used as green fuels in a sustainable manner. The ASTM D664 method used to determine the acidic constituents in petroleum products, lubricants, and biodiesel requires mixtures of isopropyl alcohol (IPA) and toluene as solvent. The ASTM method also uses large quantities of solvents for the total acid number (TAN) determination. The ASTM D664 method has been adopted for the determination of TAN for bio-oils data published in literature. However, the properties of bio-oils are different from those of petroleum products and biodiesel, because biooils are soluble in polar solvents and partially soluble in water whereas petroleum products and biodiesel are insoluble in water and are more non-polar. An alternative method which is more suitable for TAN determination of bio-oil has been developed and validated. Aqueous potassium hydroxide (0.1 M KOH) was used as standard titrant instead of 0.1M KOH in alcoholic solution, and acetone was used as titration solvent instead of mixtures of toluene and IPA as specified in the ASTM method. Four bio-oil samples were analyzed for their TAN using the new method and the ASTM method for comparison. The results showed that TAN of bio-oil samples determined by the new method were in good agreement with those determined by the ASTM method. It was confirmed that the new method was simpler and relatively cheaper and more suitable for TAN determination of the pyrolysis oils than the ASTM D664 method.
Introduction
Bio-oils produced from fast pyrolysis of biomass are very promising non-polluting fuel which could be positive for the environment and also address concerns for energy security (Czernik and Bridgwater, 2004; Mohan et al., 2006; Zhang et al., 2009) . Bio-oils which are also known as pyrolysis oils, pyrolysis liquids, and others are usually dark brown and have a distinctive smoky odor. For utilization of bio-oils as transportation fuels, there are still many problems that need to be overcome. One of the main problems is the corrosiveness of bio-oils due to the high organic acid content such as acetic and formic acids (Czernik and Bridgwater, 2004, Zhang et al., 2007) . Total Acid Number (TAN) is a measure of acid concentration, which is an important indicator of fluid oxidation or hydrolysis. TAN is defined by the American Society for Testing and Materials (ASTM) as the quantity of base expressed as milligrams of potassium hydroxide per gram of sample (ASTM D664).
Current ASTM standard test methods for determining TAN was designed for petroleum products(ASTM D664, D974, D3339), lubricants(ASTM D664, D974, D3339), electrical insulating liquids (ASTM D1534), and adopted for biodiesel and blends of biodiesel (ASTM D664). ASTM D664 and ASTM D974 are the two most commonly used test methods. ASTM D664 is a potentiometric method, using a potentiometer to detect the acidic constituents and converting them to an electronic reading. ASTM D974 is a colorimetric method, using p-naphtholbenzein as a color change indicator to indicate the end-point. ASTM D1534 and ASTM D3339 are similar to ASTM D974 by using color indicators and used for special cases. Since bio-oils are very dark, it is difficult to determine the color changes of the pH indicator, therefore, the colorimetric methods (ASTM D974, D1534, D3339) are not applicable to bio-oils. ASTM D664 can be used for dark oils without any problems linked to an indistinguishable color change of the pH indicator (ASTM D664, Hamlin et al., 2004) . The method requires that the sample is dissolved in a mixture of toluene, isopropyl alcohol and water, and titrated with an alcoholic potassium hydroxide solution. The ASTM method also uses large quantities of solvents for the determination of TAN. For each run of the TAN determination, it consumes at least 125 ml of titration solvent without considering the consumption of solvent for titration and electrode cleaning (ASTM D664).
The ASTM D664 method has been adopted for the determination of TAN for bio-oils (Marsman et al., 2007; French et al., 2010; Boateng et al., 2007) , however, the properties of bio-oils are different from those of petroleum products and biodiesel, because bio-oils are soluble in polar solvents and partially soluble in water whereas petroleum products and biodiesel are insoluble in water and are more non-polar(ASTM D664; Khor et al., 2009) . To reduce both analysis time and solvent consumption, a new rapid method was developed and validated in this study. Aqueous potassium hydroxide (0.1 M KOH) was used as standard titrant instead of 0.1M KOH in alcoholic solution, and acetone was used as titration solvent instead of mixtures of toluene and IPA as specified in the ASTM method. Acetone is less expensive and less hazardous than toluene. Four fast pyrolysis oil samples were tested with the new method and compared with the ASTM D664 method. The effects of sample size and titration solvent volume on the determination of TAN were investigated. In addition, multiple use of the titration medium for TAN determination was also investigated.
Experimental and Materials

Materials
One bio-oil sample was supplied by National Renewable Energy Laboratory, which was labeled as NREL bio-oil. Three other bio-oil samples from the catalytic fast pyrolysis of poplar and/or pine samples obtained from a pilot-scale fluidized bed reactor at Virginia Tech were also analyzed. The Benzoic acid in ethanol (1.220g benzoic acid in 100ml ethanol, 0.1M), 0.1M HCl in water, 0.1M HCl in IPA, and 0.1M KOH in water and in IPA were prepared. The titration solvent of the mixture of toluene, IPA and water was prepared as detailed in ASTM D664 method.
Methods
A new method was developed for the determination of TAN of bio-oils and compared with the ASTM D664 method. The major differences between the two methods are listed in Table 1 . Aqueous titrant and standard solution were used in the new method, instead of non-aqueous KOH and HCl solutions used in ASTM D664 method. Acetone was used in the new method as the titration solvent, while mixtures of toluene and IPA were used in ASTM D664 method. For total acid number of 20 to 100 mg KOH/g, 0.25g of sample is recommended in ASTM D664 method, while the sample size ranging from 0.1 to 0.5g was tested in the new method. 125ml of titration solvent is suggested in ASTM D664 method, while about 50 to 125ml of solvent was used in the new method in order to test the feasibility of reducing solvent consumption. A Metrohm autotitrator (model 798 MPT Titrino, Switzerland) with automatic end-point seeking mode was used for the determination of acid numbers of bio-oil samples according to ASTM D664 and the new method. Blank titration was performed for each set of samples and for every new batch of titration solvent. Each sample was titrated in triplicate. Prior to each titration, the electrode was soaked in distilled water for at least 5 min, then rinsed with IPA and the titration solvent immediately before use.
Total acid number was calculated following Equation 1.
where: A = volume of KOH solution required for titration of the sample, ml; B = volume of KOH solution required for titration of the blank, ml; M = concentration of KOH solution, mol/L, and W = sample, mass (g).
Results and Discussion
Validation of the New method with Standard Solution
TAN of standard solution was determined with ASTM D664 method and the new method. 0.1M HCl in IPA was taken as the standard solution in ASTM D664, while 0.1M HCl in distilled water was used in the new method as the standard solution. 0.1M benzoic acid in ethanol was also used as the standard solution in both ASTM D664 and the new method.
Repeatability was defined according to ASTM as "the difference between successive test results obtained by the same operator with the same apparatus under constant operating conditions on identical test material, would in the long run, in the normal and correct operation of the test method be exceeded only in one case in twenty"(ASTM D664).
Here, the repeatability was determined according to Equation 2 (Mahajan et al. 2006; Wang et al., 2008) .
where, SD is the standard deviation. The acid numbers of standard HCl and benzoic acid solution are summarized in Table 2 . It can be observed that acid numbers of HCl and benzoic acid solution determined with the new method were in agreement with those determined by ASTM D664 method. The repeatability is about 0.7 and 1.6% respectively for the acid number of HCl and benzoic acid, using the ASTM D664 method. The repeatability of the acid number of HCl and benzoic acid was 0.8 and 2.1% respectively, using the new method. Thus, good repeatability and accuracy were obtained for both methods.
Validation of the New Method with Bio-oils
Bio-oil is a very complex mixture containing hundreds of compounds including acids, ketones, aldehydes, alcohols esters, phenols, and aromatic derivatives. The real acid number is difficult to calculate for bio-oil, hence, the comparison between the experimental results and the calculated data was not performed in this study.
The TANs of the four bio-oil samples summarized in Table 3 showed that all the TANs of four samples obtained by the new method were statistically similar to those obtained with the ASTM D664 method. The differences between the TANs obtained using these two methods were less than 5% for all samples. The repeatability ranged from 3 to 8.3% with the new method, which was slightly higher than the ASTM standard (1.1 to 4.1%), but they were both within the limits set by ASTM (12% of average value) (ASTM D664; Hamblin et al., 2004) . The new method was validated and used to determine the TAN of the bio-oils. 
Effects of Sample Sizes on the Determination of TAN
There had been suggestions that the sample size has effect on TAN. (Fuhr et al., 2007) Sample size of 0.25 g is suggested in ASTM D664, while, about 0.1 to 0.5 g of bio-oils was used with the new method. The titration solvent was 125ml. TANs of NREL and poplar-BASF bio-oils tested with the new method are shown in Table 4 . Similar TANs were obtained for both NREL and poplar-BASF biooils when the sample size ranged from 0.1 to 0.5 g. The differences were within the acceptable range. No significant effect of sample size was found for the determination of TAN. Titration time and titrant usage can be reduced when using small amount of sample, but the titration with the sample less than 0.1g may cause a large uncertainty for the observation of inflection point, when the acid number is 20 to 100 mgKOH/g. For cost-effectiveness and reduced analysis time, about 0.1 to 0.25g of bio-oils is recommended for TAN determination. 
Effect of Volume of Titration Solvent on the Determination of TAN
The effect of titration volume on the determination of TAN was investigated with the new method, using NREL and poplar-BASF oils. The sample size was 0.25g. The titration volume ranged from 50 to 125ml and the results are shown in Fig. 1 . Similar TANs were obtained for both bio-oils. Changing the volume of titration solvent had a negligible effect on the TAN determination of the studied samples. Titration of sample with the titration volume less than 50ml may increase the risk of incomplete dissolution of the bio-oil and may lead to lower acid numbers. Overall, the titration volume can be reduced significantly to a certain level without compromise of accuracy. 
Multiple Determination of TAN using the Same Titration Solvent
Experiments were carried out to investigate the feasibility of multiple titrations using the same solvent for TAN determination to reduce the consumption of solvent. Titration solvent was 125ml of acetone. The sample size ranged from 0.1 to 0.3g. When the proper end-point was observed, the titration was stopped immediately, and the total volume of KOH solution (as indicated in Fig. 2 ) was recorded. After the sample TAN was calculated a new sample was added to the previously used solvent and titrated with KOH solution without removing the electrode from the solvent. In practice, a little bit more sample for the later run is better to obtain good replicable results. Based on the number of times of utilization, the titration solvent was labeled as Fresh, Used Once, and Used Twice. Usually, triplicate runs of one sample was sufficient for TAN determination. The titration curves are shown in Fig. 2 . Each sample was titrated in triplicates and the results are shown in Table 5 . It can be seen that all TAN determinations were repeatable. Small deviations (< 10%) were found for most cases, especially for the sample of poplar-BASF, the deviation from fresh solvent was only 1.2 and 0.5% for Used Once and Used Twice solvent, respectively. The largest deviation (14.1%) was found for Pine-BASF sample, when the solvent was used twice. The differences between deviations may be attributed to the inherent compositions of different samples. Solvent used more than three times were also investigated. In those cases, the titration time was prolonged significantly and large deviations were obtained. Therefore, titration with the same solvent for more than three times is not recommended for the determination of TAN of bio-oils. For TAN determination of one sample in triplicates, using the new proposed method with the fresh titration solvent of 50ml, about 225ml of titration solvent is saved compared with that of the ASTM method, and, if multiple titration is made, about 250ml of titration solvent is saved. In addition, multiple titrations can also reduce the consumption of chemicals and time for electrode cleaning without compromise of accuracy. Using acetone as the titration solvent is relatively cheaper and less toxic than using toluene and IPA as the titration solvent. Therefore, the new method is more suitable than ASTM D664 method for determination of TAN of bio-oils.
Conclusions
A new rapid method was developed and validated for determination of TAN for bio-oils. Acid numbers of standard solutions and bio-oils obtained by the new method were in agreement with those obtained by the ASTM D664 method. Effects of sample size and titration volume on TAN determination were negligible under the testing conditions. Recycle of the titration solvent is feasible. The new method offers many advantages over ASTM D664 method, such as less toxic, cost saving, and reduced analysis time. This study has demonstrated that the new method can be used as a routine analysis of bio-oils.
